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METHOD AND APPARATUS FOR EYE

MOVEMENT TRACKING IN SPECTRAL

OPTICAL COHERENCE TOMOGRAPHY
(SD-OCT)

This application is a 371 National Entry of International
Application Number PCT/EP2009/008473, filed Nov. 27,
2009, which is incorporated herein by reference in its entirety
and which claims priority to European Patent Application
08020881.2, filed Dec. 2, 2008.

The invention relates to a method and an apparatus for
collecting structural data with spectral optical coherence
tomography from samples having a point of maximum reflec-
tance.

Optical coherence tomography (OCT) is an interferometric
technique for examination of samples consisting of partially
transparent matter. According to this technique, low coherent
light is divided into at least two portions. One portion is used
as sample light to be passed into a sample path for illumina-
tion of the sample under investigation. The second portion is
used as reference light and led through a reference path to be
recombined at a point of recombination with portions of the
light which are back-scattered from the sample. The recom-
bined light contains an interferometric signal carrying infor-
mation about the internal structure of the sample.

OCT was originally proposed by Huang et al., Science, Vol.
254,1991,p. 1178 t0 1181, who used a scannable optical path
delay (OPD) in the reference path. The OPD is scanned in an
oscillating fashion. Interference fringes occur only in posi-
tions in which the optical path length of the reference path
matches the optical path length for the light back-scattered
from the sample. Evaluation of these fringes and the OPD at
which they occur enables identification of back-scattering
structures in the sample and determination of their relative
distances. Due to the time-dependence of this technique, it is
generally referred to as “Time domain Optical Coherence
Tomography” (TdOCT).

The invention deals with an alternative OCT modality. It is
known as “Spectral Optical Coherence Tomography”
(SOCT) and based upon a spectral analysis of the recombined
light. The spectral data I(k) of the recombined light, i.e. the
distribution of the light intensities for its spectral compo-
nents, is acquired with a spectrometer (“Spectral Coherence
Tomography”, SOCT; see Szkulmowska et al., Journal of
Physics D: Applied Physics, Vol. 38, 2005, 2606-2611). The
spectral data I(k) are transformed, e.g. by way of Fourier
transform or Fast Fourier Transform (FFT), to a function S(z)
representing the reflectivities and relative distances of back-
scattering structures within the sample (e.g. DE 43 09 056
B4).

In all OCT applications, the axis parallel to the incident
light beam is usually referred to as z axis and the acquisition
of data along this axis is called an “A scan”. An A scan yields
the data for a one-dimensional “image” from the structure
inside the sample. The axes perpendicular to the z axis are
referred to as x and y axis. In order to obtain two- or three-
dimensional images, most OCT devices comprise scanning
means which allow for scanning the light beam along one or
both of these axes. A set of A scans recorded along a line
perpendicular to the z axis is called a “B scan”. A set of B
scans taken along a plurality of lines perpendicular to the z
axis provides a three-dimensional image of the sample. The
invention deals with such three-dimensional imaging using
SOCT.

It is not necessary that the scanning means shifts the light
beam perpendicularly to the xy plane. Especially if compara-
tively simple pivotable mirror optics are employed for the
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scanning optics, the light beam may be pivoted instead of
transversally shifted. In that case, the exact orientation of the
z-axis is a matter of definition and the varying inclination of
the incident beam may be accounted for in evaluation.

OCT has become, as a non-invasive diagnostic technique,
very useful in clinical in vivo applications, especially on
ophthalmology. However, its major drawback particularly in
this field of use is its sensitivity to movements of the sample
under investigation, especially of the human eye. Such eye
movements do not pose a problem for two-dimensional imag-
ing as two dimensional images may be generated within tens
of'milliseconds which is fast enough to suppress the influence
of eye movements. However, three-dimensional imaging
takes more time of up to a few seconds, during which eye
movements occur and impair the image formation.

In order to cope with eye motion problems in retinal OCT,
Ferguson et al. combined an OCT system with a hardware-
based retinal tracker (OPTICS LETTERS 2004, 2139-2141).
However, the additional tracking beam and steering mirrors
add to the complexity of the system. Its applicability is lim-
ited to retinal OCT, because physical landmarks with suitably
complex morphology are needed.

US 2008/0055543 A1 discloses a software compensation
of eye motions during anterior chamber OCT. This system
does not offer tracking so its correction capabilities are lim-
ited by adjustments within the image data once acquired.

The object of the invention is to suppress disturbances by
movements of the sample during the data collection for three-
dimensional imaging by hardware-tracking, but without the
need for an extra tracking beam. The invention is applicable to
samples having a point of maximum reflectance. It achieves a
suppression of the disturbances by the elements of claims 1
and 7. The further claims define improvements of the inven-
tion.

The point of maximum reflectance may be any point in the
plane perpendicular to the beam incident on the sample, for
which the light back-scattered from the sample is reproduc-
ibly higher than for any other point in that plane. For instance,
if the sample has convex or concave interfaces, the apex of
such an interface may be the point of maximum reflectance.
In case of examination of a human or animal eye in ophthal-
mology, the apex of the cornea is such a point of maximum
reflectance, causing a strong corneal reflex. This effect is
usually detrimental for ophthalmic application, but the inven-
tion deliberately makes use of it as a fixed point. As this fixed
point moves with the sample, it can be exploited for adjust-
ments of the scanning pattern to compensate for sample
movements. The term “interface” in this respect covers sur-
faces of'the sample as well. Likewise, the term “point™ in this
respect encompasses also areas which are small enough to
serve as a fixed point.

The scanning lines mentioned in the main claims are pref-
erably, but not necessarily, straight lines. The position change
of'step d) in claim 1 encompasses changes of orientation only
or parallel shifts of the line only or combinations of both.
Preferably, two scanning lines are employed as this allows the
invention to work relatively fast. The scanning pattern, i.e. the
particular choice of the number of scanning lines, their shape
and their position change, may be chosen in dependence of
the particular application. The exit condition for the method
of claim 1 may be that the particular scanning pattern is
accomplished.

Advantageously, the re-performing step ¢) of claim 1
involves that the positions of at least two of the scanning lines
is changed. Such scanning patterns allow for fast measure-
ments. In this case, it is further advantageous if the re-per-
forming step ¢) involves that the angle between both scanning
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lines is unchanged. This causes the B scans to cover the
sample in a uniform manner. In this case, it is further advan-
tageous if the angle between both scanning lines lies in a
range between 70° and 120°, more preferable between 80°
and 110°, and even more preferable 90°. This renders the
identification of the maxima in step b) of claim 1 relatively
simple. Especially if the two scanning lines are straight lines,
they have an almost or exact Cartesian shape and serve as
coordinates so that the calculation of the adjustment in step d)
of'claim 1 can be kept very simple saving computation time.

Apart from that, it is advantageous if identifying the
maxima of light intensity according to the identification step
b) of claim 1 involves splitting the light returning from the
sample into a first portion used for spectral optical coherence
tomography and a second portion used for detecting the light
intensity. Using a portion of the light separate from the por-
tion used for spectral analysis in the SOCT evaluation
increases speed and sensitivity of the invention. Common
SOCT devices employ typically CCD arrays for the measure-
ment of the intensities of the spectral components during
spectral analysis. Determining the overall light intensity from
the signal generated by such a sensor is rather cumbersome
and slow. Using a separate portion of the light for step b)
allows to perform the invention without any reduction of the
speed of the SOCT measurement. For these reasons, an appa-
ratus according to the invention advantageously comprises a
light intensity detector arranged for measuring the intensity
of the light returning from the sample and for transmitting a
signal representing the light intensity to said scan controlling
means.

In the latter case, it is further advantageous if said light
intensity detector is arranged for measuring the intensity of
the light recombined by said means for recombining light
exiting from the sample path and light exiting from the ref-
erence path. Using the recombined light for the intensity
measurement is advantageous as in that case the invention has
no impact on the sensitivity of the SOCT measurement. Itis in
this case further advantageous if said means for recombining
light exiting from the sample path and light exiting from the
reference path is an optical coupler, a first port of which is
connected to said spectral analysis means and a second port of
which is connected to said light intensity detector. This ren-
ders the design of the apparatus of the invention simple and,
as optical couplers are used as recombination means anyway,
reduces the number of optical components.

Apart from that, it is advantageous if the apparatus accord-
ing to the invention further comprises a holder on which said
scanning means is mounted and driving means arranged for
translating said holder perpendicularly to the probing beam.
These elements facilitate compensation of sample move-
ments which are too large to be compensated by adjusting
offsets in the scanning means. In this case, it is further advan-
tageous if said driving means is arranged for translating said
holder in two dimensions perpendicularly to the probing
beam so compensations in all directions are possible. It is
further advantageous if said scan controlling means is con-
figured to change the positions of scanning lines by adjusting
offsets in the scanning means in case of small offsets deter-
minedin step ¢) and by translating said holder in case of larger
offsets determined in step c¢). In that case the apparatus may
choose the preferable mode of compensation so that the
operation is optimized. Fine displacements are compensated
for within the scanning means, while larger adjustments are
made by translating the entire scanning means.

A light source may be any source of electro-magnetic
radiation in the range between 600 nm to 1,700 nm with
sufficient coherence characteristics for SOCT, e.g. superlu-
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miniscent diodes. The terms “light”, “optical” and “optics”
within the meaning of the invention denote that the respective
elements or steps influence or are influenced by such radia-
tion. For instance, a “light intensity detector” is a detector
measuring light intensities of radiation within the aforemen-
tioned range. The characteristics of such a light intensity
detector may be adapted to the sample under investigation.
For instance, if the point of maximum reflectivity may be
detected without ambiguities in a small spectral range, the
light intensity detector should be sensitive especially in this
range, while the sensitivity for other wavelengths may be low
or even zero.

An exemplary embodiment of the invention will now be
described in greater detail with the help of drawings, in which

FIG. 1 is a schematic block diagram showing an apparatus
according to the invention;

FIG. 2 illustrates a scan pattern according to the invention
where no movement of the sample occurs;

FIG. 3 is, in its upper part, an elevational view of a sample
with spherical interfaces in which a strong central reflection
which is displaced from the intersection of the scanning lines
and shows, in its lower part, the intensity distribution of
back-scattered light;

FIG. 4 illustrates a scan pattern according to the invention
where a movement of the sample has occurred;

FIG. 5 is a perspective view of translatable scanning means
of an apparatus according to the invention.

A light source 1 emits light into an optical fiber system 2.
The light passes an optical isolator 3 which prevents returning
light from damaging the light source 1. The light then reaches
a first optical coupler 4, the function of which will become
apparent when the processing of the returning light is dis-
cussed. The light propagates along one of the opposite ports
of'the first optical coupler 4 to second optical coupler 5 acting
as beam splitter for a fiber optics Michelson interferometer.
The reference path of this interferometer extends from one
port of the second optical coupler 5 along a termination of the
optical fiber system 2 from where it is collimated and focused
on a reference mirror 6 by lenses 6 and 7. The sample path
extends from another port of the second optical coupler 5
along a termination of the optical fiber system 2 and scanning
means to a sample 12, which is a human eye in this example.
Said scanning means comprises a collimating lens 9, mirror
optics 10 and a focusing lens 11. The mirror optics 10 can be
a single, two or multiple mirror system allowing to shift the
light beam in two dimensions perpendicular to its axis. One
mirror is illustrated in FIG. 1 for simplicity.

The light portions travelling through the reference path and
the sample path return to the second optical coupler 5, in
which they are recombined. One portion of the recombined
light exits one port of the second optical coupler 5 and propa-
gates to a termination of the optical fiber system 2. The light
exiting the optical fiber system 2 at this termination is colli-
mated by a collimating lens 13 and directed to a grating 14,
where the light is spectrally decomposed. The spectrally
decomposed light portions are focused by a focusing lens 15
on a pixel sensor array 16 for measurement of the light inten-
sities of the spectrally decomposed light portions. The pixel
sensor array 16 converts the intensities into an electric signal
which is transmitted to a computer 17 for numerical calcula-
tion of the relative positions of back-scattering interfaces
along the probing beam incident on the sample 12 (A scan).

Another portion of the light recombined by the second
optical coupler 5 exits another port of this coupler 5 to return
to the first optical coupler 4. From here, one portion exits the
port which is not connected to the light source 1, but to an
intensity detector 18 for measuring the light intensity without
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spectral decomposition. The light portion passing through the
other port of said first optical coupler 4, which port is con-
nected to the light source 1, is prevented from entering the
light source by optical isolator 3.

In this example, the intensity detector 18 is part of a hard-
ware scan controlling means 19 communicating electroni-
cally with the scanning means. The intensity detector 18 may
alternatively be connected to the computer 17 equipped with
software performing the same function as the hardware scan
controlling means 19.

The scan controlling means 19 controls the mirror optics
10 of'the scanning means so that the probing beam incident on
the sample 12 follows a scan pattern determined by the scan
controlling means 19 (B scans). If no movement of the sample
12 occurs during the collection of the data, the scan pattern in
this example is that of FIG. 2. First, two B scans are per-
formed along the two perpendicular dotted scanning lines
20a, 205. The scan directions are represented by arrows but
may be chosen arbitrarily. The intersection of the dotted scan-
ning lines 20a, 205 may advantageously be located by the
operator at the point of maximum reflectance of the sample
12. After completion of these first two B scans, the second two
B scans are performed along the two perpendicular dashed
scanning lines 214, 215 which are inclined by an angle a with
respect to the first scanning lines 20a, 205, but share the same
point of intersection. Similarly, the third two B scans are
performed along the solid scanning lines 224, 225 which are
inclined to the former scanning lines 21a, 215 by the same
angle a. In the absence of any movement of the sample 12,
this scan pattern may be completed by further B scans in an
analogous manner until the B scans have covered the entire
surface of interest of the sample 12.

If, however, amovement of the sample 12 occurs during the
measurement, the situation will be that shown in FIG. 3. The
dotdashed line 23 represents the point of intersection of two
consecutive B scans with linearly independent intersecting
scanning lines. The accumulation 24 of dots represents the
strong central corneal reflex which may be the point of maxi-
mum reflexion if, as in the example, the sample 12 is a human
eye. The movement of the sample 12 causes a displacement A
of this point of maximum reflexion from the point of inter-
section. This displacement must be compensated for the next
B scans in order to maintain the correct spatial relationship
between the B scans.

In order to accomplish such a compensation, the light
intensity of the light returning from the sample is measured
for each A scan with said intensity detector 18. The solid line
25 in FIG. 3 represents these intensity values taken along a
scanning line. The central corneal reflex causes a sharp
increase of the intensity the position of which, and thus the
displacement A, is registered by scan controlling means 19. If
the displacement A for at least one scanning line is other than
zero, the scan controlling means 19 causes the scanning
means to shift the point of intersection of the scanning lines
for the following B scans, as illustrated in FIG. 4. The B scans
for which a displacement A=0 has been detected may be
discarded and re-performed without changing the angle o, or
simply discarded, or the displacement may be accounted for
in the further numerical evaluation, as preferred in the par-
ticular application.

Small displacements A may be compensated by simply
adjusting offsets of the angles in the mirror optics 10. If a
displacement is too large to be compensated by the offsets of
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the angles in the mirror optics 10, it can nevertheless be
compensated by translating the entire scanning means, as
illustrated in FIG. 5. The fiber optics system 2 of the sample
path is connected to a casing 26 which encloses the lenses 9
and 11 as well as the mirror optics 10. The entire casing may
be translated in two perpendicular directions symbolized by
arrows X and Y. In this way, the scanning lines 20a, 205 may
be shifted along large distances to compensate for large dis-
placements. The driving means (not shown) for the transla-
tions may be linear motors or other means as will be appre-
ciated by the person skilled in the art.

The invention claimed is:

1. Method for collecting structural data with spectral opti-
cal coherence tomography from samples (12) having a point
of maximum reflectance comprising the steps of

a) performing a set of at least two B scans along at least two
scanning lines (20a, 2056, 21a, 215, 22a, 22b) which
scanning lines (20a, 2056, 21a, 215, 22a,22b) are linearly
independent and intersecting at a point of intersection;

b) identifying the maxima of light intensity along said
scanning lines (20a, 205, 21a, 215, 22a, 22b);,

¢) determining the offset of said maxima from said point of
intersection;

d) re-performing steps a) to c¢), whereby the position of at
least one of said scanning lines (20a,205, 21a, 215, 224,
225) is changed and the point of intersection is adjusted
in dependence of the result of the determination step c).

2. Method for collecting structural data according to claim
1, characterized in that the re-performing step c¢) involves that
the positions of at least two of the scanning lines (20a, 205,
21a, 21b, 22a, 22b) is changed.

3. Method for collecting structural data according to claim
2, characterized in that the re-performing step c¢) further
involves that the angle between both scanning lines (204, 205,
21a, 215, 22a, 22b) is unchanged.

4. Method for collecting structural data according to claim
3, characterized in that the angle between both scanning lines
(204,205, 214,215,224, 22b) lies in a range between 70° and
120°.

5. Method for collecting structural data according to claim
4, characterized in that the angle between both scanning lines
(204, 205, 21a, 216, 22a, 22b) is 90°.

6. Method for collecting structural data according to claim
1, characterized in that identifying the maxima of light inten-
sity according to the identification step b) involves splitting
the light returning from the sample (12) into a first portion
used for spectral optical coherence tomography and a second
portion used for detecting the light intensity.

7. Method for collecting structural data according to claim
3, characterized in that the angle between both scanning lines
(204,205, 214,215, 22a,22b) lies in a range between 80° and
110°.

8. Method for collecting structural data according to claim
1, wherein the position of at least one of said scanning lines
(20a, 205, 21a, 21b, 22a, 22b) is changed and the point of
intersection is adjusted in dependence on the result of the
determining in step c¢) by adjusting offsets in a scanning
means (10), in the case of small offsets determined in step c),
or by translating a holder (26) on which said scanning means
(10) is mounted, in the case of larger offsets determined in
step ¢).
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